The present study employed an animal model in an attempt to document effects on brain growth of long-term exposure to theophylline in the presence or absence of malnutrition.
Summary
The present study employed an animal model in an attempt to document effects on brain growth of long-term exposure to theophylline in the presence or absence of malnutrition.
One group of dams was randomly divided into half. One-half was fed a 20% protein diet and the other half a 6% protein diet.
Similarly, a second group of dams was also randomly divided into two groups. These were pair-fed with rats of the first group, receiving diets comparable to those in group one but to which theophylline was added in amounts calculated to provide daily doses of 2 mg/100 g of body weight. Theophylline supplementation in the dams' 6% protein diet decreased the body weight of the pups consistently from d 3 to the end of the study at d 15 in comparison to the non-theophylline group. In contrast, the presence of theophylline in the control diet increased the body weight of the pups at d 15 compared with that of the non-theophylline group. Brain weight was essentially identical in the normal controls and the normally nourished group given theophylline. No difference in brain weight was noted between the malnourished group and the malnourished group given theophylline.
We found a significant reduction in DNA content per brain or per mg of brain weight in the normally nourished group given theophylline compared with non-theophylline group. DNA values per mg of brain weight from the controls that received theophylline were not different from either malnourished group. RNA, expressed as pg RNA per mg brain weight, was significantly reduced in the normally nourished group that received theophylline when compared with the normally nourished controls and the malnourished group that received theophylline.
Total protein content per brain was significantly reduced in the malnourished group that received theophylline compared with non-theophylline group. A significant increase in the amount of protein in the malnourished groups as opposed to the normally nourished groups was measured (pg protein per mg brain).
The brain cell size (protein:DNA) calculated by the standard method in the malnourished group supplemented with theophylline was smaller compared with that of the non-theophylline group, but cell size in the control group given theophylline was greater. It appears that theophylline supplementation in the maternal diet affects the cell size differently according to the nutritonal state of the offspring.
Our data suggest that, in the animal model, the administration of theophylline in the presence of a compromised nutritional status may have effects not now apparent. We add our concern to that expressed by others that methylxanthine administration may have previously unsuspected effects on the developing brain.
In 1973, theophylline (1,3-dimethylxanthine) was shown to be an effective therapeutic agent for the treatment of apnea in neonates (5) . Since this original report, theophylline and, to a lesser extent caffeine, have become widely used in the management of apnea in the newborn, especially the premature. As with many recently discovered techniques that are used widely, little is known about long-term effects on growth and development. Clinical studies to date have not demonstrated ill effects directly attributable to theophylline (9) .
Current clinical practice does not take the nutritional status of the infant into account when theophylline is administered for apnea. Many of the disease states and/or anomalies common in neonatal units are associated with significant malnutrition. When -apneic episodes occur in such infants, intravenously administered theophylline is frequently added to the therapeutic regimen. Using an animal model, the present study attempts to document effects on brain growth of long-term exposure to theophylline in the presence or absence of malnutrition.
MATERIALS AND METHODS
Sixteen timed-pregnant Sprague-Dawley rats (Holtzman strain) were purchased from the breeder. Dams were fed standard laboratory chow until pups were delivered. Several litters were combined if the time of delivery was within a range of 8 h. As there is no nutritional difference attributable to sex in early ages (8) , eight randomly selected pups were assigned to each dam and their ages designated as d 1. The first group of dams was randomly divided into half. One-half was fed a 20% protein diet and the other half a 6% protein diet. Similarly, the second group of dams was also randomly divided into two groups. These were Ijair-fed with rats of the first group, receiving diets comparable to those in group one, but to which theophylline was added in amounts calculated to provide daily doses of 2 mg/100 g of body weight (17) . The source of the protein was casein. Diets of malnourished rats, in comparison, were isoenergetic but provided only 6% protein. The difference in energy was made up by addition of dextrose and dextrin, as modified from previously described dietary composition (8) ( Table 1) .
The dams and pups were weighed every other day. On d 15, groups of pups were sacrificed and the brain was removed and weighed. The brain was homogenized with a Teflon homogenizing apparatus to determine DNA, RNA, and protein content. DNA and RNA content were meaured by the method of Prasad et al. (12) , and protein content was measured by the method of Lowry et al. (6) . Another group of randomly selected pups from each dam was injected with meth~l[~H]thymidine (74.9 Ci/ mmol, New England Nuclear, Boston, MA) at a dose of 25 K i / 100 g of body weight and returned to their dam for 1 h after which they were sacrificed by decapitation. The brain was rapidly removed, weighed, and then homogenized. An aliquot was used to determine total DNA. In another aliquot (2 ml), DNA was extracted according to the method of Keenan et al. (4) . A 0.5-ml aliquot of this extract was counted using a toluene-PPO scintillation fluid containing 33% Triton X-100, in a Beckman L3145T scintillation counter (Beckman Instruments, Irvine, CA). Correction for quench was by external standard.
Data were analyzed using multiple comparison analysis of variance (Student-Newman-Keuls) with 5% considered significant. Analyses were performed on an Apple I1 microcomputer (Apple Corp., Cupertino, CA).
RESULTS
As expected, pups of dams fed the 6% protein diet were much smaller than the pups of normally nourished controls. The body weight of the malnourished group given theophylline was smaller than the group subjected to malnutrition alone from d 3 onward. In the normally nourished groups, no difference in body weight was noted in the theophylline-treated group as compared with its control until d 15 when the theophylline group became larger ( Table 2) .
The control dams consumed 33.92 6.31 g (mean 1 SD) of diet daily whereas their pair-fed counterparts consumed 32.33 + 6.64 g daily of the theophylline-supplemented diet. Malnourished dams consumed 16.36 + 1.78 g of diet daily, and malnourished dams fed theophylline with the 6% protein diet consumed 14.66 a 2.7 g daily. There are no statistically significant differences within these groups. Brain weight was essentially identical in the normal controls and the normally nourished group given theophylline. No difference in brain weight was noted between the malnourished group and the malnourished group given theophylline ( Table 3 ). The brains of the normally nourished groups were larger than those of the malnourished groups.
We found a significant reduction in DNA content per brain or per mg of brain weight in the normally nourished group given theophylline compared with the non-theophylline group. The normally nourished control group had significantly more DNA than the malnourished group. No difference was noted in DNA content per brain or per mg of brain tissue between the mal- Table 2 . We] nourished group and the malnourished group that received theophylline. DNA values per mg of brain weight from the controls that received theophylline were not different from either malnourished group (Table 4) . Total RNA content per brain did not significantly differ between any groups, although it was slightly lower in the normally nourished group who received theophylline. RNA, expressed as pg RNA per mg brain weight, was significantly reduced in the normally nourished group that received theophylline when compared with the normally nourished controls and the malnourished group that received theophylline (Table 4) .
Total protein content per brain was significantly reduced in the malnourished group that received theophylline compared with the non-theophylline group. No statistically significant differences were noted between the normally nourished controls and the normally nourished group that received theophylline ( Table 4 ). The malnourished theophylline group had a significantly lower protein content than the normally nourished theophylline group. Expressed as pg protein per mg brain weight, neither the administration of theophylline nor its lack resulted in differences within groups for the control or malnourished animals. A significant increase was measured in the amount of protein in the malnourished groups as opposed to the normally nourished groups (Table 4) . No differences were noted in the rate of [3H]thymidine incorporation into DNA in any group (Table 4) .
DISCUSSION
Theophylline consumed by dams is known to pass through their milk to their offspring (1). Although some pups may begin attempts to eat the dam's food around d 15, most of the offsprings' nutritional intake comes from the dam's milk. The theophylline effects observed in the pups in the present study occurred as a result of theophylline passage through the dams' milk.
Theophylline supplementation in the dams' 6% protein diet decreased the body weight of the pups consistently from d 3 to the end of the study at d 15 compared with the non-theophylline group (Table 2 ). In contrast, the presence of theophylline in the control diet increased the body weight of the pups at d 15 compared with that of the non-theophylline group. These observations suggest that the effects of theophylline on the body growth of the pups may be related to the maternal dietary protein content. Theophylline added to the maternal diet seems to exert some adverse effects in a short time on the protein-energy malnourished pups compared with the non-theophylline group.
Although the mechanism of these findings is still unexplained, it has been reported that some nutritional conditions may not only modify the toxicity of chemical products and the therapeutic efficacy of some drugs (7), but also modulate the tissue's sensitivity to drugs (1 3). Perhaps the rat pups' response to theophylline depends upon their nutritional state.
It should be noted that, although the body weight of the pups in both malnourished and control groups was affected in the theophylline groups, the brain weight of the pups showed no statistically significant difference within groups at the time of sacrifice. If the data are expressed as a ratio of brain weight to the body weight on d 15, one finds that the brains of the malnourished pups given theophylline are larger relative to body weight whereas the brains of the control pups given theophylline are slightly smaller relative to body weight compared with those of the non-theophylline group. These observations imply that theophylline may have differing effects on brain growth and may resist the effects of malnutrition on brain growth relative to the somatic growth.
If the amounts of DNA (cell number) are expressed as DNA per unit weight of brain or as DNA per brain, the malnourished pups showed no effect on brain cell number attributable to theophylline. In contrast, the normally nourished pups, regardless of how the data are expressed, showed a substantial decrement in brain cell number in the group given theophylline compared with the non-theophylline group. We conclude that theophylline does not affect brain cell number in malnourished animals any more than malnutrition alone. On the other hand, the normally nourished animal seems more vulnerable to theophylline's effects on brain cell number. Malnutrition may render the animal incapable of responding to theophylline as does the normally nourished control. This may be an unusual example of a complex drug-nutrition interaction, in that malnutrition usually increases sensitivity to toxic effects of drugs or chemicals (10) . In this system, the effect of theophylline on cell number is apparently blunted by malnutrition.
Theophylline has been reported to suppress cholesterol synthesis, but not DNA synthesis, in rat glial cells in vitro (16) . In the present in vivo study, there was no difference seen in DNA synthesis measured by [3H]thymidine uptake regardless of theophylline supplementation in both malnourished and control brains. In adult rats, using a protein-free diet, Pastorova et al.
( 1 1) found that [14C]thymidine uptake into brain DNA in animals fed the protein-deficient diet did not show a significant difference compared with the uptake of the controls. Similar rates of [3H]thymidine incorporation into DNA despite the different amount of total DNA content in each group, although surprising, might be explained on the basis that the [3H]thymidine uptake peak might have been shifted by the nutritional as well as theophylline effects. We could have observed an apparently similar rate of DNA synthesis between the groups. Although the total protein content in the malnourished group per mg of brain weight showed no difference between the theophylline and the non-theophylline group, when the data are expressed as protein content per brain, total protein content was smaller in the theophylline-supplemented group. This discrepancy may be due to slightly smaller brain weight (approximately 4%) on the average in the malnourished group with theophylline than that of the non-theophylline group. Because theophylline is known to inhibit cholesterol synthesis (l6), the diminished protein content of the theophylline-supplemented malnourished group might be due to a resultant reduction of total myelin synthesis.
The brain cell size (protein:DNA) calculated by the standard method (3, 15) in the malnourished group supplemented with theophylline was smaller compared with that of the non-theophylline group, but cell size in the control group given theophylline was greater. Apparently, theophylline supplementation in the maternal diet affects the cell size according to the nutritional state of the offspring. Winick and Noble (15) induced proteinenergy malnutrition in rat pups for the first 21 d of life. In animals they sacrificed immediately after the period of malnutrition, the cell size, as estimated by the protein/DNA ratio, had increased from 44.1 in controls to 56.9 in the malnourished group. Although statistical analyses were not available in their study, it appears that average brain cell size was increased in the malnourished group. In the present study, brain cell size in the malnourished group without theophylline was greater than that of the normally nourished controls without theophylline.
RNA/DNA, an index of cellular activity, was not different between the theophylline and non-theophylline groups in both control and malnourished pups. Interestingly, both malnourished groups had a level of cellular activity significantly greater than the normally nourished groups. This has been observed in other models involving cellular stress (14) . * P < 0.05; **P< 0.01; ***P < 0.001 d, Significant difference due to dietary effect alone (i.e., 20% vs 6%; 20% + theophylline vs 6% + theophylline). I , Significant difference due to theophylline effect alone (i.e., 20% vs 20% + theophylline; 6% vs 6% + theophylline).
7 Each value represents mean k SD.
A dietary protein deficiency can affect the susceptibility to the toxicity of drugs or other agents such as pesticides and herbicides (2) . At the present time, there are no such studies relative to theophylline, although the usage of theophylline is now quite common in the neonatal intensive care environment. Many infants therein who are now receiving theophylline therapeutically are being dosed on a body weight basis without consideration of the nutritional status. Our data suggest that, in the animal model, the administration of theophylline in the presence of a compromised nutritional status may have effects not now apparent. We add our concern to that expressed by others (16) that methylxanthine administration may have previously unsuspected effects on the developing brain.
Studies were performed to determine the effects of iron deficiency in the rat on neutrophil activation and on levels of neutrophi1 myeloperoxidase and cytochrome b. The period of time required for neutrophil activation was not significantly affected by iron deficiency, but the maximum rates of respiration attained after activation were markedly lower (60% decrease) in irondeficient neutrophils than in control cells. The myeloperoxidase activity of neutrophils from iron-deficient rats was also markedly decreased (approximately 75%) compared with the activity of control cells; however, the concentration of cytochrome b in the neutrophils was unaffected by iron deficiency. Abbreviations NBT, nitro blue tetrazolium PMA, phorbol myristate acetate A number of investigators have reported that iron deficiency in human subjects is associated with increased rates of infections, and that after treatment with iron supplements the high incidence of infections disappears [reviews by Chandra (4) and Strauss (I%)]. Other investigators (4, 1 1) have shown that iron deficiency is associated with impaired immune functions, and that the abnormalities in immunocompetence appear to be reversible and to be related to the iron status as determined by transferrin saturation rather than hemoglobin concentration, suggesting that tissue deficiencies of iron-containing enzyme systems may be responsible. Chandra (3) demonstrated that neutrophils from iron-deficient children were defective in bactericidal activity and showed reduced NBT reduction after induction of phagocytosis. In addition, Higashi et al. (9) have reported studies which suggest that levels of myeloperoxidase may be lowered in the neutrophils of some patients with severe iron deficiency.
The present studies were undertaken to determine the .-ffects
